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Research Activities:
FINAL REPORT EAR95-26403 GENERAL STATEMENT
The main objective of the funded work was to study the mineralogy and petrology of B-bearing silicate minerals in order to assess their role
in the behavior of B during high-grade metamorphism, migmatization and anatexis. It is not possible to model geochemical and petrologic
systems without a firm knowledge of mineral chemistry. Hence, our first priority was to obtain complete analysis of borosilicate minerals
using several different technologies. The analytical procedures and compositional variations turned out to be more complex than anticipated,
and thus much of our effort expended at rectifying these problems. Nonetheless, we also made marked progress on the petrologic objectives
of our research. Below we discuss progress made on both the analytical and petrologic aspects of borosilicates from metamorphic rocks.
ANALYSIS OF MINERALS
(A) Boron in tourmaline. Potential methods of boron analysis in minerals are wet chemistry, proton-induced gamma-ray emission (PIGE),
thermal neutron capture prompt gamma-ray activation (PGNAA), electron microprobe (EMPA), secondary ion mass spectrometry (SIMS),
and crystal structure refinement with X-ray diffraction (SREF). We tried all these methods in collaboration with other investigators,
including a comparative study of 22 optically homogeneous tourmalines (Dyar et al., 1998). Agreement among the various methods on the
22 tourmalines was poor: SIMS gave the most reasonable results, whereas PIGE data were scattered.
We selected three tourmaline specimens (ferrian dravite, elbaite and lithian schorl from the Harvard Mineralogical Museum) for their range
of composition and homogeneity to be used as standards for EMPA and SIMS. Their B content was determined by PIGE at the University of
Kentucky, PGNAA at Becquerel Labs and NIST, and by wet chemical (DCP-AE) at the University of Kentucky. The latter two methods are
suitable for characterization of the B content.
We now have 697 analyses of B by EMPA and 1039 points analyzed by SIMS, on a total of 94 tourmaline samples, 63 of them from W
(western) Maine. Included are tourmaline from pegmatites and a suite of SiO2-, Al2O3- and TiO2-saturated, mostly graphite-bearing
metapelites from the lower sillimanite zone to the K-feldspar + sillimanite zone of W Maine (Dyar et al. 1997, 1998; Guidotti et al., 1997).
The mineralogy of this metamorphic suite is petrologically well-constrained (i.e., limiting assemblages with only 3 degrees of freedom: P, T
and water activity) as well as fully characterized by EMPA of major constituents.
For all tourmaline analyses the B atoms per formula unit (apfu) values are greater than the ideal stoichiometric value of 3.0, ranging from
3.05 to 3.28 apfu. Our analytical data suggest that these results may not be due to poorly calibrated standards but instead to excess B due to
substitution of B for Si, which has been reported in the Al-rich tourmaline olenite. In order to corroborate our findings, we have had twelve
+ X tourmalines analyzed by SREF in collaboration with J. Hughes and his student Erich Bloodaxe at Miami University, nine of which, all
dravite-schorl, are to be reported in Bloodaxe et al. (in review; 1998??), and by 11B magic angle spinning nuclear magnetic resonance
(NMR) with Sandra Tagg of the Pacific Northwest National Laboratory. The SREF of the nine dravite-schorl show no evidence for
tetrahedral boron, but the NMR data document the presence of tetrahedral as well as trigonal boron in several elbaites.
(B) Boron in other borosilicates Using grandidierite, tourmaline and prismatine as B standards in SIMS, we obtained B values close to
stoichiometry for grandidierite and dumortierite (Grew et al., 1997; 1998c), but not for the new mineral boralsilite, for which SIMS gave
B2O3 contents up to 10% higher than that determined by SREF (Grew et al., 1998a). We attribute the discrepancy in B content to the
marked difference in matrix between boralsilite and the ferromagnesian borosilicates used as standards.
(C) Boron in muscovite and sillimanite. To date, we have analyzed muscovite and sillimanite for B by SIMS in 17 samples of metapelite,
three metasomatized metapelites, and one banded iron formation (celadonite). In addition, Rick Paul at NIST obtained PGNAA B contents
on six muscovite, three biotite and four sillimanite samples. Some of these minerals are sufficiently homogeneous to be used as B standards
for our SIMS analyses of these minerals, which is better practice than using other minerals or glass as standards. There was a good
correlation between the SIMS and PGNAA data for six muscovites. The agreement was also good for three of the four sillimanites analyzed
by both methods. The boron content of biotite is too low (2-17 ppm B by PGNAA) to be analyzed by SIMS on a routine basis; long
analytical times are required to burn off surface contamination.
B-content of muscovite in 17 W. Maine metapelites ranges from 31 ppm to 71 ppm and averages 60 ppm in gray schists from the sillimanite
and sillimanite + K-feldspar zones, but only 42 ppm in the highly sulfidic metapelites (for description of rock types and geologic position,
see below). Muscovite in the metasomatic rocks is not noticably enriched in B. Boron contents in some samples varies markedly from grain
to grain. The B content of celadonite is 85 ppm, exceeding all the muscovites although no B phase is present in the rock.
B content of sillimanite and fibrolite in seven W Maine metapelites and two metasomatized pelites ranges from 32 to 348 ppm and varies
substantially from grain to grain in a given section. Sillimanite and fibrolite B contents from the sillimanite + K-feldspar rocks, including
two metasomatized ones, do not exceed 71 ppm. The values above 200 ppm (0.06 wt% B2O3) were unexpected as such relatively B-rich
sillimanite has been found previously only in B-enriched granulite-facies rocks.
(D) Lithium in tourmaline, muscovite and biotite. Li is much more sensitive to matrix effects than B during SIMS analysis. Consequently, in
order to properly calibrate Li contents, John Husler, Department of Earth and Planetary Sciences, University of New Mexico, analyzed three
tourmaline, five muscovite, and four biotite samples (with two exceptions the same as those used as boron standards) by atomic absorption
(AA)
Li contents of muscovite in 17 W Maine metapelites range from 30 to 220 ppm Li, and from 179 to 459 ppm in the metasomatized pelites,
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which suggests introduction of additional Li from the pegmatite which affected the metasomatized pelites. Li is strongly fractionated into
muscovite relative to associated tourmaline (10-52 ppm Li in 15 metapelites), by a factor of five in most cases.
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Dyar, M.D., Guidotti, C.V., Core, D.P., Wearn, K.M., Wise, M.A., Francis, C.A., Johnson, K., and Brady, J.B. (1999) Stable isotope and
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Euro. J. Mineral., in press
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Grew, E.S., Yates, M.G., Adams, P., Kirkby, R., and Wiedenbeck, M. (1999) Harkerite and associated minerals in marble and skarn from the
Crestmore Quarry, Riverside County, California and Cascade Slide, Adirondack Mountains, New York. Can. Mineral. 37, in press
Wopenka, B., Freeman, J.J., and Grew, E.S. (1999) Raman spectroscopic identification of B-free and B-rich kornerupine (prismatine). Am.
Mineral. 84, in press.
Bloodaxe, E.S., Hughes, J.M., Darby, M.D., Grew, E.S., and Guidotti, C.V. Tourmaline: Linking structure and chemistry. (In Press)
ABSTRACTS ON BORON AND ITS MINERALS (1995-)
Dyar, M.D., Guidotti, C.V., Core, D., Wearn, K., Wise, M.A., Francis, C.A., Johnson, K.,and Brady, J.B. (1997) Chemistry of tourmaline
across pegmatite-country rock boundaries at Black Mountain and Mount Mica, southwestern Maine, U.S.A. Abstract to Tourmaline æ97
conference, Brno, Czech Republic, 14-17.
Dyar, M.D., Guidotti, C.V., Grew, E.S., Yates, M.G., Delaney, J.S., McGee, J.J., McGuire, A.V., Paul, R.L., Robertson, J.D., Cross, L.,
Sisson, V.M., Wiedenbeck, M.W., and Fowler, G. (1998) Interlaboratory comparison of tourmaline analyses: Major elements including B,
Li and Fe. Internat. Mineral. Assoc., 17th Gen. Mtg., Aug. 9-14, 1998, Toronto, Canada, Abstracts & Programme, A101.
Grew. E. S. (1996) Beryllium and boron mineralization in granitic pegmatites in granulite-facies complexes. Geol. Assoc. Canada, Mineral.
Assoc. Canada, Can. Geophys. Union, Joint Annual Meeting, Program with Abstracts, 21, A-38
Grew, E.S. (1997) Beryllium and boron enrichment in granulite-facies pegmatites: Implications for the origin of Precambrian continental
crust. Program and Abstract, International Symposium Origin and Evolution of Continents, 13-14 October, 1997, Nat. Inst. Polar Research,
Tokyo, 19-21.
Grew. E. S., Pertsev, N. N., Vrßna, S., and Yates, M. G.(1995) Kornerupine + talc: A new high-pressure whiteschist assemblage. Geol. Soc.
Am., Abstracts with Programs, 27(6), A-264.
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Grew, E.S., Yates, M.G., Peacor, D.R., Rouse, R.C., McGee, J.J., Huijsmans, J.P.P., and Thost, D.E. (1996) A new borosilicate mineral with
a structure derivative to that of sillimanite and its paragenesis in pegmatites. Geological Society of America Abstracts with Programs, 28(7),
A-102.
Grew, E.S., Yates, M.G., Adams, P., Kirkby, R., and Wiedenbeck, M. (1998d) Harkerite from Crestmore Quarry, California and Cascade
Slide, Adirondack Mountains, New York: A contrast in metamorphic pressure. Internat. Mineral. Assoc., 17th Gen. Mtg., Aug. 9-14, 1998,
Toronto, Canada, Abstracts & Programme, A25.
Guidotti, C.V., Yates, M.G., Grew, E.S., Dyar, M.D., Wiedenbeck, M., and Fowler, G. (1997) Stoichiometry of natural tourmaline from
western Maine. Geological Society of America Abstracts with Programs, 29(6), A-401.
Henry, D. J., Dutrow, B. L. and Guidotti, C. V. (1997) Mg-Fe2+ partitioning involving tourmaline in metapelitic rocks: Bringing disorder
from chaos. Geological Society of America Abstracts with Program, 29(6), A-345.

Research Findings:
MINERALOGIC/PETROLOGIC RESULTS
(1). A NEW BOROSILICATE PHASE
One objective of the proposed work was to characterize the borosilicates in high-grade rocks that could result from breakdown of tourmaline
with increasing temperature and pressure. Our study of such high-temperature borosilicates resulted in the discovery of the new mineral
boralsilite, Al16B6Si2O37, the first natural compound in the anhydrous Al2O3-B2O3-SiO2 system (Grew et al., 1996, 1998a). Its crystal
structure is a derivative of the sillimanite structure, that is, boralsilite is closely related to synthetic Al borosilicates ('boron-mullites') and Alborates of interest to the glass and ceramics industry.
Boralsilite is found in pegmatites cutting granulite-facies rocks in southwestern Norway and East Antarctica in association with quartz, Kfeldspar, plagioclase, andalusite, sillimanite, tourmaline, and the borosilicates dumortierite, grandidierite and werdingite. It is estimated to
have formed at 600-700 ?C, 3-5 kbar and PH2O < Ptot. Boralsilite optically resembles sillimanite and could be easily overlooked. Given the
relatively moderate conditions estimated for its formation, it could play an important role in the boron budget in anatectic melts in the upper
amphibolite-facies rocks.
(2). GRANULITE-FACIES PEGMATITES
ESG has studied three examples of B-enriched granulite-facies pegmatites, one each from southeastern Madagascar, southwestern Norway
and East Antarctica (Grew et al., 1998a,c). Borosilicate minerals in these pegmatites include not only tourmaline, but also the new mineral
boralsilite (Bor), Al16B6Si2O37, grandidierite, (Mg,Fe)Al3BSiO9, werdingite, (Mg,Fe)2Al12(Al,Fe)2Si4B2(B,Al)2O37, and the Fe
analogs of the last two minerals. Conditions of formation are estimated to be 600-750 ?C, 3-5 kbar. The pegmatites containing these
borosilicates are inferred to have been anatectic melts formed from dry granulite-facies rocks at temperatures above that of granitic melting
under vapor-saturated conditions. The presence of grandidierite, werdingite, and boralsilite in pegmatites cutting granulite-facies pelitic
rocks can be explained by a scenario involving remobilization of B present in the pelitic precursors, incorporation of the remobilized boron
in partial melts, and crystallization of the melts as pegmatite veins with borosilicates.
(3). MISCELLANEOUS STUDIES ON THE MINERALOGY OF BOROSILICATES
Micro-Raman spectra are sensitive to boron content of kornerupine group minerals and can be used to distinguish on a 1 Ám area boronfree, boron-poor (kornerupine sensu stricto) and boron-rich (prismatine) members of the group (Wopenka et al., in press).
Grew et al. (1998b) recognized a new reaction between kornerupine and tourmaline in magnesian upper-amphibolite-facies rocks (including
whiteschists, i.e., kyanite + talc rocks) in which kornerupine is favored by relatively high pressure: tourmaline + anthophyllite + H2O + F ã
kornerupine + talc + B2O3 + Na2O + CaO. Kornerupine replaces tourmaline as a sink for boron in magnesian rocks depleted in Na and Ca
at P >6 kbar.
Grew et al. (1998d, in review) studied harkerite, a high-temperature mineral with an approximate formula
Ca48Mg16[AlSi4O15(OH)]4(BO3)16(CO3)16(H2O,HCl)2, from two localities. One is the contact aureole in limestone at Crestmore,
California (P = 1 kbar), is typical of harkerite occurrences. The second is a calc-silicate xenolith at Cascade Slide in the Adirondack
Mountains, New York, which was subjected to granulite-facies conditions at pressures of 7-8 kbar, far above other reported occurrences of
this mineral. The Cascade Slide harkerite probably formed originally at high T and low P in a limestone xenolith entrapped in anorthosite at
a high crustal level and re-equilibrated during granulite-facies metamorphism after burial. Harkerite did not break down at 7-8 kbar because
of very low water and carbon dioxide fugacities.
(4). WESTERN MAINE FIELD-BASED STUDIES:
To date we have addressed in considerable detail two important segments of our overall study of the behavior of the B-bearing silicates
during the high-grade metamorphism and associated igneous activity that has affected W. Maine. We have accumulated data by EMPA and
SIMS on minerals in the following suites:
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(a) tourmaline, muscovite, biotite and sillimanite were collected on a regional basis at metamorphic grades ranging from lower sillimanite
zone to sillimanite + K-feldspar zone; additionally, tourmaline was obtained from some of the associated pegmatites. Results of this work,
mainly for tourmaline, have been presented in Guidotti et al. (1997). The metamorphic samples are metapelites, and with one exception, all
assemblages contain graphite and are saturated in SiO2, Al2O3, and TiO2, i.e., quartz, sillimanite and ilmenite (Il) or Rt are present. They
have been chosen to include two compositional varieties that probably responded differently to changes in metamorphic grade. One variety
is a 'normal' metapelite with 0 to 1-2 % of modal pyrrhotite (Po). The other is greatly enriched in Po (5-12 modal %) and shows extreme
sulfidation effects, e.g., all ferromagnesian minerals are strongly enriched in MgO relative to FeO.
(b) At two pegmatite mines (Mount Mica and Black Mountain), tourmaline was collected along traverses extending from the cores of the
pegmatite bodies outward for a few meters into the country rocks. Results of this work, which includes stable isotope mass spectrometry, are
presented in Dyar et al. (1997, 1999).
The most interesting results from (a) and (b) obtained so far are:
(i) In graphite-bearing rocks, the Fe3+ -content of tourmaline is negligible and can be ignored in formula calculations. In contrast, one
tourmaline associated with magnetite has Fe3+/SFe ratio = 0.331, and tourmaline in an associated sample is zoned with respect to Fe3+/SFe
ratio, ranging from 0.24 in the core to 0.35 on the rim. Clearly, Fe3+ is an important constituent of tourmaline associated with Fe3+-bearing
oxides and could play an important petrologic role. The Fe3+ -content of pegmatitic tourmaline was found to be negligible in the few cases
studied; it is unclear whether this can be claimed for pegmatitic tourmaline in general.
(ii) The composition of tourmaline varies systematically, e.g., from cores of the pegmatites at Mount Mica and Black Mountain to their
margins and continuing out into the immediately enclosing country rock. Some of these variations are expected based upon what is known
from pegmatite mineralogy and petrology and how pegmatites differ mineralogically and petrologically from the country rocks. However,
the contrast in tourmaline Al content between samples from the outer portions of the pegmatites and the surrounding country rock is
unexpected. Stable isotope signatures in tourmaline vary quite systematically along traverses from pegmatite cores out into the country rock.
At Mount Mica the isotope variations suggest that the pegmatite has a plutonic affinity, whereas at Black Mountain, the isotope signatures
suggest an in situ origin of the pegmatite by means of metamorphic processes.
(iii) It is well known that the mineralogy and petrology of metapelitic rocks reflect the effects of sulfide-silicate reactions. Such reactions
strongly influence both the major and minor element chemistry of silicate and oxide minerals. Our data for metamorphic tourmaline show
the same patterns, providing clear evidence for the considerable extent to which tourmaline has equilibrated with associated phases.
(iv) In the context of the observations noted in (b) and (c), our chemical data show that tourmaline composition is sensitive to its petrologic
setting.
(v) Pending full clarification of the conflicting evidence on B coordination and stoichiometry in tourmaline, we can draw some provisional
conclusions bearing on the crystal chemistry of tourmaline. For example, our data suggest inverse relationships between B and Si and
between H and Na+Ca; i.e., B ã Si substitution is a possible mechanism for B incorporation in excess of the ideal 3.0 B apfu and H3O+ ã Na,
Ca substitution is a possible means of explaining some of the vacancies on the X site even though our analyses gave (H+F) < 4 apfu. Our
data also suggest that Ti substitution into tourmaline is inhibited by its high Li-content.
(vi) Comparison of the Li-contents found in tourmaline from regional samples with tourmaline in the country rock around the pegmatites
provides support for the suggestion that there has been some Li metasomatism from the pegmatites out into the country rocks.
In summary, considered in aggregate, (a) - (f) provide very strong support for our basic assertion that by studying the mineralogy and
petrology of boron-bearing silicate minerals, one can use such studies to gain insights on the behavior of boron during high-grade
metamorphism, migmatization and anatexis.
Research Training:
(1) Erich Bloodaxe, Ph.D. Thesis at Miami Univ.
(2) Varius undergraduate Keck Foundation students (see Human Resources below)
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Dyar, M.D., Taylor, M.E., Lutz, T.M., Francis, C.A., Guidotti, C.V., and Wise, M., "Inclusive chemical characterization of tourmaline;
M÷ssbauer study of Fe valence and site occupancy.", American Mineralogist, p. 848, vol. 83, (1998). ) Published
Grew, E.S., Yates, M.G., Shearer, C.K., and Wiedenbeck, M., "Werdingite from the Urungwe District, Zimbabwe", Mineral. Mag.
p. 713, vol. 61, (1997). ) Published
Grew, E.S., McGee, J.J., Yates, M. G., Peacor, D.R., Rouse, R.C, Huijsmans, J.P.P., Shearer, C.K., Wiedenbeck, M., Thost, D. E., and Su, S.-
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p. 22, vol. 131, (1998). ) Published
Grew, E.S., Yates, M. G., Huijsmans, J.P.P., McGee, J.J., Shearer, C.K., Wiedenbeck, M., and Rouse, R.C., "Werdingite, a borosilicate new
to granitic pegmatites", Canad. Mineral., p. 399-414, vol. 36, (1998). ) Accepted
Dyar, M.D., Guidotti, C.V., Core, D.P., Wearn, K.M., Wise, M.A., Francis, C.A., Johnson, K., and Brady, J.B., "Stable isotope and crystal
chemistry of tourmaline across pegmatite - country rock boundaries at Black Mountain and Mount Mica, southwestern Maine, U.S.A.",
Euro. J. Mineral., p. , vol. , (199). ) Accepted
Grew, E.S, "Boron and beryllium minerals in granulite-facies pegmatites and implications of beryllium pegmatites for the origin and
evolution of the Archean Napier Complex of East Antarctica.", Proc. NIPR Symposium on Antarctic Geosciences, p. , vol. , (1999). )
Accepted
Grew, E.S., Yates, M.G., Adams, P., Kirkby, R., and Wiedenbeck, M, "Harkerite and associated minerals in marble and skarn from the
Crestmore Quarry, Riverside County, California and Cascade Slide, Adirondack Mountains, New York.", Can. Mineral, p. , vol. 37, (1999).
) Accepted
Wopenka, B., Freeman, J.J., and Grew, E.S., "Raman spectroscopic identification of B-free and B-rich kornerupine (prismatine)", Am.
Mineral., p. , vol. 84, (1999). ) Accepted
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HUMAN-RESOURCES DEVELOPMENT
We provided samples for the Ph.D. thesis work of Erich Bloodaxe at Miami University. We were also fortunate to collaborate with the Keck
Foundation Geology Consortium, which paid salaries and some support costs (all remaining analytical and support expenses were paid by
our NSF grant) for eleven undergraduate students and three faculty to work on tourmaline-related research in the summer of 1996. Five of
the students went on to do follow-up independent study projects during the academic year 1996-1997; one project was presented by a
student at the northeast GSA meeting. The Keck tourmaline project would not have been successful without our NSF funding for analytical
work, and the infusion of these bright undergraduates into our tourmaline research made it possible to accomplish more and to stretch our
NSF funds considerably.
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